1. Introduction {#sec1}
===============

In the medical field, the use of nanotechnology has advanced. The need for inventing new therapeutic biomaterials that can be employed as substrates for cell reproduction, bonding, multiplication and development has recently become essential \[[@bib1]\]. For this purpose, hydroxyapatite (n-HA) nanoparticles were created using the wet chemical precipitation method from calcium-rich biowastes (mussel shells) \[[@bib2], [@bib3]\]. Hydroxyapatite is a biomineral with excellent biocompatibility and osteoconductivity, which makes it a commonly used material for drug delivery, orthopedic intervention, tissue engineering and dental implant applications \[[@bib4], [@bib5]\]. HA demonstrates good bioactivity and porosity and is an excellent candidate for bone repair and substitution. Similarly, due to its surface properties of ion exchange, low solubility and high water stability, HA has attracted attention as a vital absorbent for removing heavy metals from polluted water \[[@bib6]\].

Tissue engineering consists of in vitro construction of tissues for implantation into the body to preserve or expand the forms and/or functions of particular tissues \[[@bib7]\]. Presently, with the development of molecular biology and cell culture techniques, the growth behavior of cells seeded on materials has received attention. For cell cultures, human mesenchymal stem cells (h-MSCs) are commonly used when investigating cell viability for bone tissue engineering purposes \[[@bib8]\].

Mesenchymal stem cells (MSCs) can differentiate along different genealogies such as bone lines (osteoblasts), cartilage (cartilage cells), fats (adipocytes), and muscles (muscle cells) \[[@bib9]\]. Several studies have investigated the influence of different materials on bone proliferation including biphasic calcium phosphate (BCP) ceramics \[[@bib10], [@bib11]\], hydroxyapatite \[[@bib12]\], β-tri-calcium phosphate (β-TCP) \[[@bib13]\], hydroxyapatite and mineralized collagen \[[@bib14], [@bib15]\].

In different biotechnological and medical applications, the protein adsorption method is the primary step after the contact of body fluids with solid surfaces. Protein adsorption of implant materials is of great importance for bond formation. This adsorption can proceed due to electrostatic and hydrophobic interactions between the protein and material surfaces \[[@bib16]\].

Hydroxyapatite works as a hard tissue-implant material that enhances bone growth within the bone tissue. The bone implant interface includes a so-called retention zone, which consists of a protein matrix rich in calcium and phosphorous \[[@bib17]\].

Based on the essential role of protein adsorption in tissue engineering, the present work deals with testing mussel shell and HA nanoparticle powder for their in vitro cytotoxic properties using sulforhodamine B (SRB) assays against MCF-7, liver (HepG2) and colon (Caco-2) cells.

2. Materials and methods {#sec2}
========================

2.1. Hydroxyapatite synthesis {#sec2.1}
-----------------------------

A variety of techniques for synthesizing hydroxyapatite have been established. In this study, we used the precipitation method to produce hydroxyapatite from mussel shells. This procedure is a low cost, simple process with high yield and is therefore appropriate for large-scale production.

In the present work, we created hydroxyapatite nanoparticles based on mussel shells, which have a high calcium carbonate content (CaCO~3~) of nearly 98.62% \[[@bib18]\]. The mussel shells were ultrasonically cleaned of organic matter using tap water before being dehydrated at room temperature. Washed, dehydrated shells were ground into fine particles using an agate ball mill. Calcium carbonate (29.36 g of powder) was transformed into a calcium nitrate Ca(NO~3~)~2~ solution using concentrated nitric acid (HNO~3~) while stirring vigorously, and this resulted in the discharge of carbon dioxide (CO~2~) gas.

A stoichiometric quantity of ammonium dihydrogen-phosphate (NH~4~H~2~PO~4~) solution was gradually added to the Ca(NO~3~)~2~ solution while stirring \[[@bib19]\]. The pH of the mixture reached 9 by the addition of 3 M 25% ammonium hydroxide (NH~4~OH). Next, the mixture was stirred magnetically and the precipitate was then dehydrated at 70 °C for a few days and was then crushed in a mortar. Finally, the resultant HA powder was formed after calcination at 900 °C.

2.2. Characterization of materials {#sec2.2}
----------------------------------

The chemical composition of the mussel shells was determined using X-ray fluorescence (XRF) with a modern wavelength dispersive spectrometer (Axios PAN analytical 2005, Netherlands). A thermogravimetric (TGA) analyzer (TGA-50, Shimadzu, Japan) was used to examine the synthetized HA and shells. The TGA curve increased from room temperature to 1,000 °C with a warming rate of 10 °C/min. The shells and synthesized HA powders (calcined at 900 °C) were analyzed by X-ray diffraction (XRD) using a D8 Advanced CuO target (Bruker, Germany)-based generator X-ray diffractometer using CuKα radiation (λ = 1.542 Å). X ray diffraction graphs were recorded in the range of 2θ = 10--70° at a scan speed of 2 °C/min. The fresh shell surfaces and synthesized HA were sputtered with a thin gold layer before being examined by scanning electron microscopy (SEM/EDX, model FEJ Quanta 250 Fei, Holland) and the material configurations were chemically analyzed via attached energy-dispersive X-ray spectroscopy (EDX). Likewise, for examining the HA particles, a dilute suspension of HA particles was prepared and dropped onto copper grids sustained with a carbon film. The HA particle shapes and sizes were determined by phase-contrast imaging using high-resolution transmission electron microscopy (HR-TEM, JEOL JXA-840 A, Electron probe microanalyzer, Japan). Infrared spectra were obtained with a Fourier transform infrared (FTIR) spectrophotometer (model FT/IR-6100 type A, USA). FTIR spectra were obtained in the range of 2,200-400 cm^−1^ using the KBr technique.

2.3. In vitro studies {#sec2.3}
---------------------

### 2.3.1. Cell cultures {#sec2.3.1}

HA and mussel shell powders were subjected to cellular cytotoxicity evaluations on both normal and cancer cell lines. Doxorubicin (Dox), which is a commonly used chemotherapy medicine used to treat different cancers, was used as a positive control \[[@bib20]\]. Dox is an influential iron-chelator that directly binds to DNA via intercalation between the base pairs on the DNA helix \[[@bib21]\]. The excessive oxidative stress caused by Dox changes the diversity of cellular molecules \[[@bib22]\]. Samples were dissolved in 20% dimethyl sulfoxide (DMSO). The DMSO was diluted so that its final concentration was 1 mg/mL to mitigate its cytotoxic effects at high concentrations \[[@bib23]\].

Sulforhodamine B (SRB) assays were used to resolve the in vitro cytotoxic activities of the HA and mussel shells. A mammary gland breast cancer cell line (MCF-7), human hepatocellular carcinoma cell line (HepG-2), and colon carcinoma cell line (Caco-2) were all maintained at the Cell Culture Lab, Egyptian Organization for Biological Products and Vaccines (VACSERA Holding Company) Cairo, Egypt. SRB assays were based on the uptake of the negatively charged pink amino-xanthine dye \[[@bib24]\]. Similarly, cytotoxic evaluations of HA and shells for two types of normal cells (e.g., h-MSC and epithelial cells) were carried out. These cell lines were obtained from the VACSERA-Cell Culture Unit, Cairo, Egypt. The reagents RPMI-1640 medium, SRB and DMSO were purchased from the Sigma Company St. Louis, USA. Fetal bovine serum was obtained from GIBCO, UK. The cells were cultured in RPMI-1640 medium with 10% v/v fetal bovine serum. Two types of antibiotics (e.g., penicillin 100 units/mL and streptomycin 100 mg/mL) were used throughout the experiment. The cells were grown in a moistened incubator with a CO~2~ atmosphere (5% v/v) at 37 °C and were seeded at a density of 1.0 × 10^4^ cells/well in a 96-well plate at 37 °C for 48 h in 5% CO2. After incubation, the cells were treated with different concentrations of compounds and were incubated for 3 and 7 days and then compared with untreated control cells. For each individual dose, triplicate wells were prepared. The medium was discarded and fixation was accomplished using 10% trichloroacetic acid (TCA) at 150 mL/well for 1 h at 4 °C. The cells were washed three times using distilled water (TCA reduced the SRB binding of protein). The wells were discolored using SRB 70 mL/well for 10 min at room temperature with 0.4% 70 mL/well (kept in a dim place). After staining, washing was accomplished using 1% glacial acetic acid to eliminate the unbound dye (until clear drainage was reached). The plates were air dehydrated for 24 h and the dye was solubilized with 50 mL/well of 10 mM tris base of pH 7.4 for 5 min on a shaker at 1,600 rpm. The optical density of each well was determined at a wavelength 570 nm using an ELISA microplate reader (EXL800 USA)) Center of Genetic Engineering, Faculty of Science, Al-Azhar University, Cairo, Egypt). The relative cell viability percentage was calculated using the following formula:

Sigma Plot software ver. 12.0 (Systat Software, Inc) was used for calculation of the IC50 values \[[@bib25]\].

### 2.3.2. Protein adsorption {#sec2.3.2}

Protein adsorption levels on the tested surfaces were determined. Bovine serum albumin (BSA) was used as a representative protein. Approximately 0.2 mg of BSA was added to 200 ml of phosphate buffer solution (PBS) (dissolve 8 g of NaCl, 0.2 g of KCl, 1.805 g Na~2~HPO~4~.2H~2~O and 0.30717 g K~2~HPO~4~ in 800 ml distilled H~2~O. Adjust pH to 7.4 using HCl. Complete volume to 1 L using distilled H~2~O) at pH 7.4 and 37 °C. Four milligrams of each sample was added to 40 ml of the previous mixture. Adsorption was allowed to proceed in an incubator for 1 h at 37 °C. Upon adsorption, the samples were carefully rinsed with (PBS) 3 times and with water to remove unbound proteins (non-adsorbed) and salt residues and were then dried at 37 °C. Protein adsorption on the surface of the samples was determined by means of FTIR.

3. Results and discussion {#sec3}
=========================

3.1. Characterization of samples {#sec3.1}
--------------------------------

The mineral composition of mussel shells was determined using the X-ray fluorescence (XRF) technique. It showed that the primary elements were Ca: 55.317% and C: 43.300% and the minor elements were Na: 0.465%, Si: 0.193% and Sr: 0.208%.

The results of thermogravimetric analysis (TGA) of HA and mussel shell powders are shown in [Figure 1](#fig1){ref-type="fig"}. The mussel shell samples exhibited early dehydration due to moisture followed by decarbonization at \~850 °C. The total weight loss was 43.819%. The prepared hydroxyapatite tracked the following steps:Figure 1Thermogravimetric analysis of (A) HA sample and (B) mussel shell powder (after being dry at 70 °C for a few days).Figure 1

Drying of the solution at 100 °C for a long duration (12 h) removed water; however, the precipitated hydroxyapatite \[Ca~10~ (PO~4~)6(OH)~2~\] was accompanied by the emission of CO~2~, residual H~2~O and ammonium nitrate (NH~4~NO~3~). TGA analysis of the HA sample showed dehydration (up to 177.79 °C) followed by decarbonation (-CO~2,~ between 700-900 °C) and denitration and dehydroxylation \[-NH~4~NO~3~ up to 845 °C\] ([Figure 1](#fig1){ref-type="fig"}) \[[@bib26], [@bib27]\]. The total weight loss was 44.313%.

The X-ray diffraction patterns of the shell powder demonstrated the presence of aragonite and a small amount of calcite as shown in [Figure (2)](#fig2){ref-type="fig"}. X-ray analysis of the prepared HA (sintered at 900 °C) showed the formation of pure hydroxyapatite. Furthermore, in the HA diffractogram, sharp peaks and a straightforward baseline indicated that the synthetized HA was finely crystallized \[[@bib3]\].Figure 2X-ray diffraction patterns of (A) HA and (B) mussel shell powder (calcined at 900°C/2 h).Figure 2

The SEM micrograph of HA, which was sintered at 900°C/2 h, displayed an agglomerate of ultrafine grain shapes of uniform size and solid structure. The HA clusters contained nanocrystals with diameters from 80 to 200 nm ([Figure 3](#fig3){ref-type="fig"}A). TEM micrographs revealed additional details of the nanohydroxyapatite clusters and clear nanoparticles between 10 and 40 nm ([Figure 3](#fig3){ref-type="fig"}B).Figure 3SEM and TEM images of HA sample sintered at 900°C/2 h.Figure 3

The results of EDX microanalysis of mussel shell and HA powders sintered at 900 °C are shown in [Figure 4](#fig4){ref-type="fig"}. EDX microanalysis of the mussel shell powder demonstrated that the constituent was CaCO~3~ (i.e., Ca, C and O), which agrees with the XRF results. EDX for HA showed that the constituent was HA (i.e., Ca, P and O) and that the Ca/P atomic ratio was 1.68, which is almost identical to the stoichiometric ratio of 1.67 for pure HA. Ramesh et al., reported that the Ca/P ratio is a significant parameter that determines the properties of hydroxyapatite bioceramics \[[@bib28]\]. For calcium-deficient HA, the Ca/P ratios are less than 1.67, while for calcium-rich HA, the Ca/P ratios are greater than 1.67.Figure 4EDX microanalysis of (A) HA and (B) mussel shell powder (calcined at 900°C/2 h).Figure 4

All characteristic bands of HA were observed in the FTIR spectrum, as presented in [Figure 5](#fig5){ref-type="fig"}. The spectrum showed absorption bands at 1,000--1,100 (υ3-asymmetric stretching vibration) and 577--603 (υ4-asymmetric bending vibration), which were attributed to phosphate (PO~4~^3−^) absorption. The absorption band at 1,390 cm^−1^ resulted from the vibration of the CO~3~^2−^ group and indicated the presence of carbonated hydroxyapatite (c-HA). The absorption band at 3,570 cm^−1^ was assigned to the stretching mode of hydrogen-bonded OH^--^ ions \[[@bib29]\].Figure 5FTIR spectrum of the synthesized HA sample (calcined at 900°C/2 h).Figure 5

3.2. The in vitro cytotoxic activities of the HA and shells toward human cancer cells {#sec3.2}
-------------------------------------------------------------------------------------

SRB assays have been used to explore cytotoxicity in cell-based studies. The SRB assays evaluated the cytotoxicity of HA and shells for three cancer-cell lines *(e.g., MCF-7, HepG2 and Caco-2)* over a concentration range from 0.01 to 1,000 μg. HA and shell materials showed weaker cytotoxicity toward all solid tumor cells. The toxicities of HA and shell materials to MCF-7 cells were greater than for liver (HepG2) and colon (Caco-2) cells with IC50 values of 1,548.3 ± 1.2 and 1,343.7 ± 3.5 μg, respectively ([Table 1](#tbl1){ref-type="table"} and [Figure 6](#fig6){ref-type="fig"}). Consequently, the HA and shells are nontoxic to human mesenchymal stem cells (h-MSCs) with IC50 values of 2,981.5 ± 3.9 and 3,543 ± 2.9 μg, respectively, and both materials are also nontoxic for epithelial cells with IC50 values of 3,250.0 ± 2.7 and 3,670.0 ± 2.5 μg, respectively, as shown in [Table 1](#tbl1){ref-type="table"} and [Figure 7](#fig7){ref-type="fig"}.Table 1The IC~50~ (μg) of materials against different tumor and normal cell lines.Table 1MaterialsIC~50~ (μg)MCF-7HepG2Caco-2MSCsEPI**HA**1548.3 ± 1.22520.7 ± 5.03520.6 ± 5.12981.6 ± 5.13250.0 ± 2.7**Shell**1343.7 ± 3.53859.0 ± 4.03829.0 ± 2.03543.0 ± 2.93670.0 ± 2.5Figure 6Bar chart representing the differences in IC~50~ for different tumor and normal cells (e.g., MCF-7, HePG2, Caco-2, MSCs and epithelial cells) after incubation with HA (calcined at 900°C/2 h) sample and mussel shells.Figure 6Figure 7Light microscopy micrographs for normal cells (e.g., MSCs and epithelial cells) in cell cultures which show the nontoxicity of HA sample and shells.Figure 7

[Figure 6](#fig6){ref-type="fig"} shows the morphological observations of cells that were obtained after the samples were exposed to two types of normal human cells and three types of cancer cells. No dead cells were detected in the well plates containing the HA or shells, which confirmed that both samples had no negative effects in the natural cell environment. After 3 days of incubation, the growth of normal and cancer cells was estimated and the number of cells increased for seven days ([Table 1](#tbl1){ref-type="table"}). Cell viability assays revealed that IC50 (e.g., minimum concentration required to induce 50% of cell death after exposure to samples) could not be attained. For different concentrations of HA and shells, the toxicity values were less than 50% of the cells' validity ratio. These results may be attributed to the nontoxic properties of the tested materials ([Figure 7](#fig7){ref-type="fig"}).

Moreover, two types of normal cells (e.g., MSCs and epithelial), which were seeded on tissue cultures, showed significant differences in cell numbers after 3 and 7 days of incubation [Figure (8](#fig8){ref-type="fig"}A and B). The number of listed MSCs cells after 3 days of incubation of HA and mussel shells powders increased to 1.9×10^3^ ± 2.3 and 1.86×10^3^ ± 2.7, respectively, compared to the control, which exhibited 2.83×10^3^ ± 1.9 cells. In contrast, the numbers of inserted epithelial cells after 3 days of incubation of HA nanoparticles and shells also increased to 2.7×10^3^ ± 2.7 and 2.5×10^3^ ± 3.0, respectively, compared to the control, which exhibited 3.82×10^3^ ± 2.5 cells. The number of registered MSCs cells after 7 days of incubation of HA and shells increased to 2.82×10^3^ ± 2.7 and 2.765×10^3^ ± 1.8, respectively, compared to the control, which exhibited 2.98×10^3^ ± 3.1 cells; the number of recorded epithelial cells after 7 days of incubation of samples HA and shells increased to 3.6×10^3^ ± 2.9 and 3.4×10^3^ ± 3.4, respectively, compared to the control, which exhibited 4.1×10^3^ ± 2.6 cells ([Table 2](#tbl2){ref-type="table"}). These results suggest that attachment and proliferation of MSCs and epithelial cells in the presence of both HA and shell occurred.Figure 8Bar chart representing: A. Cell proliferation assays showing the cell counting of MSCs and B. Epithelial cells after treatment with shells and HA-NPs for 3 and 7 days.Figure 8Table 2The cell counting of MSCs an Epithelial cell after treatment with materials for 3 and 7 days.Table 2MSCsEpithelial cells0 Day cell/mL3 days cell/mL7 days cell/mL0 Day cell/mL3 days cell/mL7 days cell/mL**Control**2.0 × 10^3^ ± 3.52.83 × 10^3^ ± 1.92.98 × 10^3^ ± 3.12.0 × 10^3^ ± 3.53.82× 10^3^ ± 2.54.1 × 10^3^ ± 2.6**HA**2.0 × 10^3^ ± 2.81.9 × 10^3^ ± 2.32.82 × 10^3^ ± 2.72.0 × 10^3^ ± 2.82.7 × 10^3^ ± 2.73.6 × 10^3^ ± 2.9**Shell**2.0 × 10^3^ ± 2.41.865 × 10^3^ ± 2.72.765 × 10^3^ ± 1.82.0 × 10^3^ ± 2.42.5 × 10^3^ ± 3.03.4 × 10^3^ ± 3.4

The scanning electron microscopy (SEM) images show that the stem cells and epithelial cells require the HA and mussel shell, indicating complete association between the cells and tested materials ([Figure 9](#fig9){ref-type="fig"}).Figure 9SEM photographs of normal cells (e.g., MSCs and epithelial) after 3 and 7 days of cell culture show the complete association between the cells and material.Figure 9

Interestingly, the improvement of stem cell biology and nanotechnology has enhanced the opportunities for tissue engineering by increasing the attachment, proliferation and differentiation of stem cells in vitro. Accordingly, the modified nanomaterials require further in vivo studies to aid in the improvements of organ transplantation \[[@bib30]\].

HA samples can be a profoundly osteoconductive biomaterial of clinical importance. HA stimulates the expansion of bone arrangement on the embedded surface, and newly synthesized bone is found in coordinated contact with the HA layer \[[@bib31], [@bib32], [@bib33], [@bib34]\].

MSCs can differentiate into osteoblasts, and they can differentiate to a variety of other cells such as chondrocytes, osteoblasts and adipocytes \[[@bib35]\]. The aim of the present study was to determine whether clusters of HA nanoparticles and mussel shell would improve adhesion of MSCs and epithelial over the two different time periods (e.g., 3 and 7 days) and to compare the results to the two immersion periods.

It was found that MSCs and epithelial cells bound more to HA and mussel shell during an immersion time of 7 days when compared with a 3 day immersion time, and these results agree with those of other investigators. However, we observed that HA and mussel shells are not sufficient to promote full cell spreading, as is shown in [Figure (8)](#fig8){ref-type="fig"}. Growth of mesenchymal stem cells and epithelial cells also appeared naturally without the addition of any external growth factors (GF).

3.3. Protein adsorption {#sec3.3}
-----------------------

### 3.3.1. FT-IR analysis of adsorbed BSA {#sec3.3.1}

FT-IR is sensitive to secondary protein structures. Proteins can bond with HA by electrostatic forces between the calcium ions and carboxyl groups and phosphate ions and amino groups \[[@bib36]\]. The Amide I band is related to the C=O stretching of the peptide bonds \[[@bib37]\].

The process of protein adsorption onto HA began with the formation of an anion layer such as H~2~PO~4~^−3^ and OH^−^ on the HA surface, which was followed by a dispersive double electrical layer around the surface \[[@bib38]\].

At that point, protein atoms were adsorbed through specific electrostatic interactions between charged groups of proteins and Ca^2+^ and hydrogen holding (irregular interactions), which may occur between neighboring protein atoms with polar surfaces \[[@bib39]\]. For acidic proteins such as BSA, the carboxyl group is adsorbed to Ca^2+^ through the displacement of PO~4~^−3^. At the HA surface, the modification of BSA would be changed by NH~3~, which may form hydrogen bonds with the phosphate group in HA \[[@bib40]\].

The adsorption action of BSA on HA nanoparticles is mainly due to electrostatic interactions between the Ca^2+^ cations and PO^-3^~4~ anions of HA nanoparticles with COO^--^ anions and NH~4~^+^ cations of the BSA protein \[[@bib39], [@bib41]\].

The characteristic vibrational groups of BSA adsorbed on HA nanoparticles are shown in [Figure 10](#fig10){ref-type="fig"}. The characteristic PO~4~^3-^ band appeared in a range from 1,000 to 1,100 cm^−1^. The bands at 1,636 cm^−1^ and 1,474 cm^−1^ were attributed to the C=O stretching vibration of amide I and bending vibration of N--H of amide II, respectively. After protein adsorption, splitting was detected at 1,049 and 925 cm^−1^, which could be attributed to the P=O and P--O stretching bands of the PO~4~^3-^ group, respectively \[[@bib42]\]. It seems that, due to the ion exchange between BSA and HA, there was an increase in the amide I band recorded at 1,636 cm^−1^ and an increase in the amide II band (1,474 cm^−1^), which prove the compatibility of the helix structure of BSA \[[@bib43]\].Figure 10FTIR spectra of HA (calcined at 900°C/2 h) samples before and after protein adsorption.Figure 10

The typical band of the amide group indicated the bonding behavior of BSA and HA nanoparticles. This bonding might be due to electrostatic interactions, which are dominant compared to the van der Waals forces related to the hydrophilic behavior. Hereafter, this distinction supports the hydrophobicity of the protein molecules \[[@bib44]\].

4. Conclusions {#sec4}
==============

Hydroxyapatite nanoparticles were synthesized beginning with mussel shells. The samples were characterized by XRD, SEM/EDX, TEM and FTIR analyses, which demonstrated the presence of hydroxyapatite as clusters at nanoparticle sizes. The tested materials showed weaker cytotoxicity toward all solid tumor cells. HA and mussel shells are safe for human mesenchymal stem cells (h-MSCs) and epithelial cells. We found that additional MSCs and epithelial cells bound more to HA and mussel shells with an immersion time of 7 days compared to an immersion time of 3 days. The protein adsorption results showed that BSA had a strong binding ability to the HA surface. The development of stem cell biology and nanotechnology has improved the characteristics of tissue engineering by increasing the attachment, proliferation and differentiation of stem cells in vitro. Hence, modified nanomaterials need additional in vivo studies to improve organ transplantation.
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